This work was designed to elucidate selected physicochemical, functional, and structural properties of native and modified yam (Dioscorea rotundata) starch. The isolated starch was chemically modified using 5, 10, 15, 20, and 25% phosphoric acid solution at 50°C for 1 h, and yield, swelling power, gelation, water holding capacity, paste clarity, blue value, and amylose and amylopectin content of the native and modified yam starch were determined. Structural changes in the native and starch modified with 25% phosphoric acid were evaluated using Fourier transform infrared spectroscopy and optical microscopy. The result showed that the yield, swelling power, water holding capacity, paste clarity, blue value and amylose and amylopectin content of native yam starch was 33.38% (217 g), 3.84 g/g, 1.0 v/g, 10%, 0.52 and 25.96, respectively, whereas gelation study of the native and modified starch indicated that native starch was viscous and modified starch firm. However, yield, swelling power, water holding capacity, paste clarity, blue value, and amylose content of modified yam starch reduced in a dose dependent manner with phosphoric acid. The reduction in the values of the various functional properties could be associated with the effect of phosphoric acid on the starch granular structure. The result of Fourier transform infrared spectroscopy and optical microscopy revealed that the yam starch was modified by phosphoric acid with changes in functional groups spectra such as -OH stretch (3177 cm −1
Introduction
Yam (Dioscorea spp.) is a set of annual or perennial climbing plants with underground tubers that are suitable for human consumption. They are of immense economic importance and nourishment to the people of Africa, the Caribbean, and Asia. [1] There are about 600 species [2] of yam; however, the most widely accepted ones for staple food are six and these include; Dioscorea rotundata (white yam), D. alata (water yam), D. cayenensis (yellow yam), D. esculenta (Chinese yam), D. bulbifera (aerial yam), and D. dumetorum (trifoliate yam). [3] Among the six species commonly cultivated in Nigeria (West Africa), D. rotundata is the most widely grown and generally considered to be the best in terms of food quality and thus, of highest market value. [4] Nigeria is one of the largest producers of yam in the world; however, due to high α-amylase level in yam, which is usually triggered by heat in the environment, its starch is easily degraded into sugar and consequently there is weight loss, sprouting, rotting, and insect infestation. As a result of this physiological and biochemical responses in yam tuber, a substantial amount is lost during storage. In order to forestall this loss, there is a need to expand utilization of yam through industrial processing to minimize postharvest losses. Reduction in postharvest losses of yam tuber will lead to higher economic growth as increased earnings from this crop will be achieved. The starch proportion of yam tubers presents a prospect for processing it into powdered starches. Updated data indicated that, yams are not recognized among the most common sources of industrial starch, which is principally provided by corn, potato, wheat, cassava, and rice. [5, 6] Starch forms the main component of yam and provides a large proportion of daily caloric intake for its ardent consumers. The value of yam as a basic food has been attributed to the high digestibility of its starch, which is dependent on its granular morphology and size. [7] Yam tubers contain about 70-82% starch, [8] the domestic and industrial processing of yams, the eating and storage quality of yam-containing products and perhaps the physiological effectiveness of the bioactive ingredients depend greatly on its starch functional properties. [9] Starch is a major raw material for a number of industries including textiles, paper, adhesives, pharmaceuticals, and food. The demand for both native and modified starches (MSs) will continually be on the increase as industrialization rises. In a developing country like Nigeria, industrial starch is usually met through importation. However, if locally sourced starch is well modified and characterized, could suitable for both local and international industrial applications.
Important to starches application in industries is the amount and quality of starch obtained from crops as well as the functional properties of native and MSs. Lack of meaningful information on the functional properties of the starches is one of the limiting factors for industrial application of non-conventional starch such as yams. [10] On one hand, yam potential of being processed into value-added products is influenced by its physicochemical and functional and structural properties. On the other hand, modification of starch with phosphoric acid could simultaneously achieve three effects, which are; esterification, crosslinking and hydrolysis. These modification effects of phosphoric acid among others, had been shown to enhance stability of starch granules to swelling, high temperature and shear. [11] It also reduces water sensitivity of starch and improves barrier properties especially in starch-based edible biofilms. [12, 13] Thus, such a phosphoric acid MS could be used to improve texture in soups and sauces, and in bakery and dairy products. [14] This study was, therefore, designed to evaluate the effect of phosphoric acid modification on the physicochemical, functional, and structural properties of yam starch.
Material and methods

Production of yam (Dioscorea rotundata) starch
The back of yam was peeled to expose the inner white layer which was sliced into several smaller pieces, thoroughly washed and crushed with a grater. The paste (650 g) was mixed with appropriate volume of water and sieved with muslin cloth and allowed to stand for 2 h. Thereafter, the supernatant was decanted leaving the starch slurry that settled at the bottom of the beaker. The paste slurry was air-dried for 48 h at room temperature after which it was ground to a fine powder using a mortar and pestle and sieved (100 μm) and stored in an airtight container for further analysis.
Modification and yield of starch
A modified method of Sathe and Salunkhe, [15] was adopted for starch modification. Starch (20 g) was dispersed in 50 mL of 5-25% solution of phosphoric acid and stirred with magnetic stirrer (BioCoteStuart US 152 model) for 1 h at 50°C. The MS slurries were then cooled to room temperature and centrifuge at 2000 rpm for 5 min to separate the MS. The MS was oven-dried at 50°C and stored for subsequent analysis. The percentage yield of MS was calculated thus; %yield ¼ weight of MS Â 100 weight of native starch
The MS (25%) was subjected to Fourier transform infrared (FTIR) spectroscopy and optical microscopy.
Functional characterization of native and modified yam starch
Determination of swelling power The swelling power was evaluated using the method of Leach et al. [16] A sample (0.1 g) of native or MS sample each was weighed and quantitatively transferred into a clean dried test tube and weighed (w 1 ). The starch was then dispersed in 10 mL of distilled water. The resultant slurry was heated at 90°C for 30 min in a thermostatic water bath (±2°C). The mixture was cooled and centrifuged at 2000 rpm for 5 min. The residue obtained from the above experiment (after centrifugation) with water it retained was quantitatively transferred to a clean, dried test tube used earlier and weighed (w 2 ).
Swelling power of starch ¼ w 2 À w 1 
Weight of starch
Gelation studies A solution (2 g/15 mL) of native and modified yam starch were prepared in test tubes. The starch suspensions were thoroughly vortexed for 5 min and were heated for 30 min at 80°C in a water bath, followed by rapid cooling under running cold tap water for 1 h. The gelation of native MS was determined when the sample from the inverted test tube did not fall down or slip.
Water holding capacity (WHC) WHC was determined according to the method described by Medcalf and Gilles [17] with a few modifications. WHC was determined by centrifugation. Native and MS samples (1 g) were suspended in 10 mL of distilled water in pre-weighed centrifuge tubes, slurry was vortexed vigorously for 5 min and allow to stand for 1 h. The starch slurry was centrifuged at 4000 × g for 5 min. The supernatant free water was removed carefully from and the volume determined with measuring cylinder (25 ± 0.2 mL). WHC was calculated as the ratio of volume of water absorbed to mass of dry starch.
Paste clarity
The clarity transmittance of native and modified yam starches was carried out according to Ceballos et al. [21] This was determined by measuring percentage transmittance of 1% starch solution heated in boiling water for 30 min at 600 nm wavelengths against water blank on a colorimeter.
Physicochemical characterization of native and modified yam starch
Determination of blue value and amylose content of native and modified yam starch The samples were prepared according to the method of Gilbert and Spragg. [18] The native or MS (0.1 g) was weighed into a test tube; 10 mL of distilled water was added and heated in a boiling thermostatic water bath for 30 min to solubilize the starch. The starch solution was brought down, cooled and 5 mL transferred into a 100 mL standard volumetric flask, 2 mL of stock iodine solution (0.2 g) I 2 /2.0 g KI/100 mL) was added and the volume made up to mark with distilled water. The resulting colour was left for 60 s to fully develop before the absorbance was read at 600 nm with a colorimeter (JENWAY 6051 model).
The blue value was calculated according to the formula below:
Determination of amylose and amylopectin content of native and modified yam starch
The amylose content of native and phosphoric acid modified yam starch was determined using the standard curve designed by Saeed et al. [19] Amylopectin content was calculated by the difference of total starch minus amylose content: [20] Y ¼ 0:0168X þ 0:2138 (1) where Y = absorbance at 600 nm and X = %amylose.
Optical microscopy
The native or phosphoric acid (25%) MS sample solution was placed on a glass slide and stain with 0.2% iodine solution. Observation and imaging were taken at 100× and 200× magnification lens of light microscope connected to a computer.
Structural characterization of native and modified yam starch
FTIR spectroscopy
The FTIR spectrum of native or modified (25%) yam starch was acquired on a PerkinElmer FTIR spectrophotometer (PerkinElmer, Inc., MA, USA) using potassium bromide (KBr) discs prepared from powdered samples mixed with dry KBr. Spectrum was recorded (16 scans) in the transparent mode from 4000 to 400 cm
, at 4 cm −1 resolution.
Result and discussion
Isolation of yam starch
The result showed that, yam (Dioscorea rotundata) yielded 33.38% (217 g) native starch. According to Addy et al., [22] some varieties of Dioscorea rotundata contained 12.0-25% starch. The starch content of yam used in this present study was higher, perhaps because the yam had stayed for about 4 months after harvest and the water level had reduced appreciably. The starch content of yam is very comparable to other sources of starch such as cassava, cocoyam, and potatoes. Authors [23] [24] [25] reported that cassava, cocoyam, and potatoes contain 33.5, 24.5, and 20% yield of starch, respectively. Therefore, the starch content of yam in this present study is high and could be a good and cheap source of starch for industrial application.
Swelling power and yield
The results of the swelling power of native and MS and the yield of starch after modification are presented in Table 1 . The result showed that, swelling and yield decreased with increase in phosphoric acid concentration. Swelling power of phosphoric acid-treated yam starches was different from native starch because native starch showed higher swelling power than acid-MSs. Swelling power of native yam starch was 3.84 g/g, which decreased to 0.96 g/g over 25% phosphoric acid treatment. Tester and Karkalas [26] stated that when starch is heated in the presence of excess amounts of water, hydrogen bonds stabilizing the structure of the double helices in crystallize get broken and replaced by hydrogen bonds of water molecules, as a result, the starch granule swells and the volume increases.
Morrison et al. [27] reported that acid-MSs usually experience hydrolysis of some glycosidic bonds, which occurs first in the amorphous regions of the starch containing branch points (amylopectin). Since the extent of starch swelling depends largely on the molecular weight and shape of amylopectin molecule, hydrolysis of branching point, α-1, 6 glycosidic bonds, which constitute amylopectin molecule, will invariably limit swelling of starch. Therefore, the swelling power phosphoric acid, MS experienced a gradual decline with an increase in the phosphoric acid concentration [28] in this study.
Swelling power provides evidence of the level of interaction between starch amylose and amylopectin within the amorphous and crystalline domains. Hoover [29] reported that the extent of this interaction is influenced by the amylose/amylopectin ratio and by the characteristics of amylose and amylopectin in terms of molecular weight/distribution, degree and length of branching, and conformation. Swelling power of native starch is primarily a property of the amylopectin content while amylose acts as an inhibitor of swelling. It, therefore, shows that, "the more the amylose the less the swelling power of starch."
Treating starch with acidic reagent like phosphoric acid started when the need for starch granules that are tough enough to resist disintegration on cooking arose. Such starch derivatives form a covalent network and are capable of tolerating extreme pH and high shear processes commonly found in food and drug manufacturing industries. [30] This property of MS as expressed in yam starch in the present study rendered it fit for industrial food and drug producing industries.
The yields of yam starch modified with 5-25% phosphoric acid were very good, which ranged from 85.60 to 93.05% (Table 1 ). Significant recovery of modified yam starch achieved in this study is in agreement with previous findings by Lin, Lee, and Chang. [28] According to their work, the 91-100% yield was attained for potato and corn starches treated with acidified alcohol. You and Izydorczyk [31] also observed very high yields (91.5-99.8%) of acid-alcohol treated barley starches. They attributed higher yields to very little degradation of barley starches during acid-alcohol hydrolysis. Therefore the relatively high yield recorded in this study could be associated with the reduced effect of phosphoric acid on the branching point of α-D bonds (1-6) glycosidic bond. Amylopectin chain of starch possesses higher molecular weight than amylose. Thus, the gradual reduction in yield as treatment increased with increased phosphoric acid concentration is an indication of α-1, 6 glycosidic bond hydrolysis. 
Gelation
The result of gelation studies is shown in Table 1 . The result indicated that, native starch was viscous, whereas MS remain firm to the bottom of the test tube. When starch is heated in excess water, the starch granules experiences an order-disorder phase transition. This phase transition is a non-equilibrium process attributed to diffusion of water into the granule leading to hydration and swelling, loss of double helical structure, amylose leaching, and total disruption of granules resulting in starch paste. [29] Acid modification decreased the gelation potential of the MS. The effect of acid hydrolysis on α-1,6 glycosidic bond in the amylopectin amorphous region might have resulted in reduced hindrance of helical structure of starch, thus reducing its gelling property is reduced and need more concentration for proper gellification. Notably, gel formation in starches involves swelling and hydration of starch granules, which occur predominantly in the amorphous region of starches.
WHC
The result of WHC is presented in Table 1 . The result showed that, native starch had higher WHC than the MS. WHC refers to the total amount of water held by a starch gel under a defined state of conditions. [32] This functional property of starch is a function of the crystallinity properties of starch; starches with low crystallinity possess high WHC in comparison to those with high crystalinity and hence, it is dependent on the amylose content of starch. [33] The inter-and intra granular forces in starch molecule are also important factors; the weaker the forces the higher the WHC. [34] Modification of starch with procedures which involves phosphoric acid reduce the ability of starch to absorb water and, therefore, the WHC of the acid modified starch reduced with respect to the concentration of acid applied. This low WHC of acid treated starch could be attributed to the reduction of the armorphous region in the starch granule. This reduces the number of available binding sites for water in starch granules. [35] Blue value and amylose content of native and MS The result of blue value and amylose content of native and MS is presented in Table 2 . The result showed that, the blue-black color developed and amylose content decreased as the concentration of phosphoric acid increased. Usually acid treatment attack α-1,6 glycosidic linkages in starch and thereby reducing amylopectin to amylose, and hence the higher amount of amylose. However, the formation of amylose during acid hydrolysis depends greatly on the concentration of the acid and duration of treatment. Wurzburg [36] observed that starches are usually degraded into dextrins on prolonged treatment with acid, as a result of hydrolyzing α-D (1, 4) glycosidic linkages. Phosphorus based reagent had been identified as a good starch crosslinking reagent forming mono, di-type of the ester bond. [37] The increased substitution of phosphate (PO − 4 ) functional group caused the starch to be covalently crosslinked, and that might be another good reason for the reduction in amylose values. Thus, the reduction in blue value and amylose content of the phosphoric acid modified yam starch could be associated to an increased formation of dextrins and introduction of phosphate groups in the course of acid treatment. Therefore, the gradual reduction in blue value and amylose content of MS further confirmed the structural changes which had occurred in starch during phosphoric acid treatment. However, further treatment of the starch with acid resulted into significant disappearance of blue colour and appearance of amylopectin characteristic violet-red when stained with iodine solution. [38] Paste clarity
The result of paste clarity is presented in Table 1 . From the result, clarity of starch has a linear relationship with the concentration of phosphoric acid treatment. Clarity characteristics of starches are dependent on the botanical source of starch and the overall purity of the starch in case of cereal starches. However, paste clarity of starch is also influenced by the amylose content especially in cereal starches. [39] To improve paste clarity of starch, chemical modification is usually a solution according to Zhang et al. [40] In the present study, starch clarity was achieved with phosphoric acid modification and there was corresponding rise in clarity as treatment increased.
Optical microscopy
The result of the optical microscopy of the native and modified yam starch is presented in Figs. 2 and 3 . The photomicrograph of the morphology of starch obtained from the native yam (Dioscorea rotundata) and phosphoric acid MS showed that, the granular shapes of native starch are distinct and larger than the MS. The phosphoric acid-MS showed surface roughness compared to the native starch. However, the starch granules are more or less oval to elliptical shaped with the smaller granules appearing spherical. From the result, an average granular size range from 8.32 to 59.65 µm. Granular size and size distribution of the yam starches range from 9.88 to 56.81 µm. [22] Lin et al. [28] had also presented surface roughness of maize and potato starch granules upon 15 days of acid-alcohol modification. They also reported partial protuberances on potato starch granules after modification. Granule shape and size have been identified as an important feature for the starch extraction industry because they define a mesh size for application and purification sieves. [41] The granule size and shape affect the functional characteristics of starches and may influence their industrial uses. [1] Starch granule shape and size contributes to the rate at which starch gelatinizes its gelatinization temperature, swelling power, and viscosity. [42, 43] Smaller granules have high molecular bonding which leads to lower swelling.
FTIR spectroscopy
The result of FTIR spectroscopy of the native and modified yam starch is presented in Figs. 4 and 5, whereas assignments to bands are summarized in Table 3 . The analysis of the FTIR spectra was performed in order to identify the major functional groups of the native and MS (Figs. 4 and 5) . The spectrum of the native yam starch presents a broad, strong band at 3177 cm −1 due to the stretching vibration of the O−H bond. A small peak in the region of 2923 and 2854 cm −1 is assigned to the stretching vibration of C−H bond from glucose. An important peak at 1644 cm represents the skeletal mode of pyranose ring form of polysaccharides. [44] The FTIR spectrum of the modified yam starch (Table 3) ) functional groups. According to Rutenberg and Solarek, [45] native starches can be crosslinked when mixed in an aqueous system of reagents capable of reacting with at least two of the hydroxyl groups of neighboring molecules. Although the type of reagent used and crosslinking conditions determine the ratio of mono and di-type bonds (esters with phosphorous based agents). Starch phosphates are esters derived from phosphoric acid. The starch phosphate class is the crosslinked type which contains mono-, di-, and tri-ester starch phosphate. [46] From the foregoing, at least two points (−OH and −CH 2 OH) of attachment were created for incoming phosphate groups and filled upon starch reaction with phosphoric acid.
The disappearance of −H 2 O (cm −1 ) at the amorphous domain showed that, the mechanism of hydrolysis of glycosidic bond in starch' granules utilized the water molecule inside the granules. From the result, phosphoric acid preferentially degraded the amorphous regions of the starch during the modification with the occurrence of cracks inside the granules and this explains the disappearance of the band representing water in the amorphous regions of the starch at 1644cm −1 . It is, therefore, evident that phosphoric acid modified yam starch and there was phosphorylation at -OH stretch (cm −1 ) and -CH 2 OH (cm −1 ).
Conclusion
The present study revealed significant changes in physicochemical, functional properties as well as structure of the native and MS. The phosphoric acid effect on physicochemical, and functional properties of yam starch was observed. FTIR spectroscopy and optical microscopy analyses also showed that there are substantial structural differences between the native and modified yam starch. Modification of the yam starch with phosphoric acid resulted into esterification, crosslinking and hydrolysis with concomitant effect on functional and structural properties like swelling, amylose content and some functional groups, and surface roughness of starch granules. From the foregoing, yam starch could be a cheap and good source of starch for industrial application. Thus, industrial processing and application of yam starch should be encouraged to prevent the physiological deterioration affecting yam during storage, improve agricultural practice and productivity and food security.
